Thermal waters are natural resources of great value to geothermal sciences, the tourism industry, and health. In this work, geochemical classification of physicochemical results of 17 sources at the Puracé-La Mina (Cauca, Colombia) sector was implemented in order to strengthen and determine their potential applications and enhance the continental tourism in Colombia. The analyzed parameters were developed following the Standard Methods 22nd edition, at Universidad Nacional de Colombia-Manizales. According to the results obtained by means of a geochemical classification, it was found that most of the sources have a sulfated-acid nature which makes them heated vapor waters and volcanic waters. Likewise, it was observed that all the sources are immature waters and still do not reach chemical equilibrium. On the other hand, mineralogical and chemical characterization by means of XRD and XRF showed a high content of silica isomorphous minerals with a low concentration. In addition, the presence of Fe 2 O 3 was observed, which is insoluble at pH > 5 and remains in the rock. Nevertheless, considering that mine sources possess pH ± 2 and temperatures of 40°C, leaching is possible for iron justifying its presence in the water. Instead, elements like Na + , K + , Mg 2+ , and Ca 2+ have high mobility at the conditions of mine sources (low pH) as a consequence of hydrolysis processes, which produce variations in water composition.
Introduction
Geothermal processes are directly related to the composition of hot springs giving useful information about the components that affect these hot springs and allowing the evaluation of their applications [1] , such as heating, medicinal applications, and bathing [2] . Hot springs can be located around the world in different countries and regions. These different locations make hot springs exhibit a great diversity of geophysical, geochemical, and biological properties depending on the region and the origin of the waters. In this way, rock and mineral chemistry is important in hot spring studies taking into account that information about water-rock interactions can be obtained [3] .
These differences make hot springs an interesting area of research for specific biotechnological or ecological applications [4] . For this reason, several studies of hot springs placed in different countries have been reported in the literature as it is the case of Chabaane et al. [5] who developed a work that attempted to enhance and optimize the potential exploitation of the Hammam Sayala thermal spring in NW Tunisia. Using several electrical techniques, new information of the hydrothermal system in this region was obtained helping to create a therapeutic center for encouraging the regional thermal tourism development [5] . Kikawada et al. [6] performed a geothermometric study of hot spring waters in the Manza area near the Kusatsu-Shirane volcano. These studies might be meaningful for geochemical monitoring of active volcanoes through the changes in the calculated equilibrium temperatures of appropriate minerals for volcanic hot springs.
Apollaro et al. [7] carried out chemical and mineralogical characterization studies in Calabria, south Italy, which were aimed at evaluating the risks posed by pure amianthus (asbestos) tremolit rocks found in Unidad Gimigliano-Monte It is also of great importance to classify hot springs. Thermal fluids, for instance, can be classified as primary and secondary types. The primary thermal fluids are deep deposits originating from magmatic waters that can undergo changes during their rise to the surface. The secondary thermal fluids are shallow fluids that generally come from the primary fluids. Such fluids can be of several types, including chlorinated, sulfated acid or carbonated fluids [14] [15] [16] [17] [18] . Mineral waters emerge to the surface in a natural way [19] . During the rise of the water to the surface, it undergoes compositional changes [17] due to cationic exchange processes, hydrolysis [20] , boiling, cooling, and leaching with rocks [16, 21] . The elemental and chemical compositions have been studied by analyzing the mineralogy, finding the water alteration, and observing rocks such as pyrite, elemental sulfur, zeolites, and clays. Chlorite, among others, produces changes in the fluids [16] . Although a classification was carried out to some of these waters and sources, it is necessary to develop a broad study of several characteristics that allows classifying a great quantity of sources in this area in order to find more suitable applications.
It is well known that territories like Puracé-La Mina can have huge potential applications in tourism and sulfur and other mineral harvesting. As a consequence, it is important to consider all the variables in order to evaluate the possibilities of industrial applications in this sector. One of these variables is the quality of water and the presence of minerals in rocks from a physicochemical analysis and mineralogical characterization. The study was divided into three parts, according to the location in the region of Cauca. In this work, geochemical classifications of physicochemical results are carried out in order to strengthen the mineralogical characterization of thermal water in 17 sources of Puracé-La Mina (Cauca, Colombia, South America) to acquire information that contributes to enhancing the continental tourism in Colombia.
General Geological Setting
Colombia is located in South America, between the Pacific and Atlantic oceans. Colombia has a wide diversity of geothermal systems (approximately 300) located in the zones of Paipa, Azufral, Ruiz, Chiles, Cumbal, Galeras, Sotará, Doña Juana, Huila, and Puracé UPME (for its acronym in Spanish: Unidad de Planeación Minero Energética) [22, 23] . Puracé is located in the Andean Region of Colombia, southeast of the city of Popayán, Department of Cauca, in the Cordillera Central mountain range (Figure 1 ). According to Simkin and Institution, the study area is close to the Puracé volcano, which has presented volcanic activity in the last century [24] . According to the reports by Sturchio et al. [25] , a detailed geological map of the area has not been made. However, Oppenheim [26] mentions that this volcanic area is a dacitic shield and rises on a metamorphic basement from 2600 to 3800 meters above sea level, covered by a pyroclastic lava andesitic cone [27] .
The 17 sources included in this study are shown in Figure 2 . In this figure, the studied sites are described according to the reports developed by INGEOMINAS as , and COGU (upwellings of Guarquelló) [13] . Their respective classifications, georeferences, and codifications are listed in Table 1 .
Sampling and Analysis Methodology
3.1. Sampling. Twelve representative samples of surface manifestations were collected on May 2017 from the geothermal systems of the Puracé-La Mina sector (Table 1) for the analysis of the physicochemical properties of interest. The type of sampling performed was simple or timely. The sampling was carried out in 10-liter containers, with 1-liter graduations. The vessel was purged two or three times, and it was then placed in the flow, measuring the time with a timer. In this way, the parameter Q = V/t was obtained.
The flow, Q is given in L/s, where V and t represent the volume and time, respectively. During the sampling, HNO 3 was added until pH < 2 for hardness and metal analyses; pH, temperature, and conductivity parameters were measured for all samples. Titanium and ORP analysis was not carried out in this study. The seven representative solid samples of the sector were taken on November 2017 in the sources P1-A, P1-B, P2-A, P2-B, P3-A, P3-B, and P10-A for the XRD and XRF analyses.
Analysis Methodology
3.2.1. Physicochemical Characterization of the Sources. Physicochemical characterization of the sources was carried out in the Water Laboratory at Universidad Nacional de Colombia-Manizales, based on Standard Methods 22nd edition [28] , and the laboratory is accredited by IDEAM (for its acronym in Spanish: Instituto de Hidrología, Meteorología y Estudios Ambientales) through the ISO standard 17025. Some of the methods of analysis are described as follows: The total hardness was determined by means of the 2340-C EDTA method, with an aliquot of 15 mL at a concentration of 0.01 M of EDTA. Then, 2 mL of ammoniacal buffer solution and 2 drops of eriochrome black indicator were added -E method with 20 mL of buffer solution to a sample of 100 mL. Later, the sample was agitated, and afterwards, BaCl 2 was added and the measurement was made using a turbidimeter. For the Cl − ions, the 4500-Cl-B method was used, where a sample of 100 mL was taken. For those which were too colored, 3 mL of Al(OH) 3 was added. Then, it was filtered, the pH was fixed between 7 and 10, and finally, it was labeled with AgNO 3 , using K 2 CrO 4 as an indicator. Atomic absorption by flame was employed for metal detection using the iCE 3000 (Thermo Fisher Scientific) equipment; the limits of detection are shown in Table 2 . Turbidity was determined by means of the 2130-B. A Metrohm Swiss-made device was used for the pH-L measurements, pH = 4. A Merck buffer solution (citric acid/sodium hydroxide/hydrogen chloride) and Merck pH = 7 buffer solution (disodium hydrogen phosphate/potassium dihydrogen phosphate) were used. Metrohm Swiss-quality titration equipment was used for the multiprobe analysis, and the charge imbalance is carried out using PHREEQC software.
Mineralogical
Characterization. The mineralogical characterization was carried out in the GMAS + Laboratory, Bogotá, Colombia. For the XRD and XRF analyses, the samples were pulverized and sieved with 63 μm nets at an approximate weight of 2 g.
The mineralogical composition and structural parameters of the rocks were evaluated by XRD with an X-ray diffractometer (Bruker D8 Advance-series I) that was operated at 20 kV and 30 mA, with an X-ray source emitting CoK (1.7890 A) radiation. The measuring range was from 5 to 70 with a scan speed of 0.3 s/step and a step size of 0.015; a nickel filter was used. The analysis was carried out using the EVA [29] and TOPAS software [30] .
For the XRF measurements, the samples were dried at 105°C for 12 hours. Then, spectrometry wax (Merck) was 76°26′25.0″ * It is located inside the sulfur extraction mine about 1800 m from the entrance. In the interior, no coordinates were taken; then, the coordinates of the entrance are recorded at a height of 3607 MAMSL (meters above mean sea level). Code, codification (Cod.), source, coordinates refer to 17 sources. 5 Geofluids added in 10 : 1 ratio and the samples were homogenized by means of a hydraulic press at 120 kN for one minute until pills of 337 mm diameter were obtained. The XRF semiqualitative analysis was done with the SemiQ 5 software, scanning 11 times with the purpose of detecting all the elements present in the sample excluding H, C, Li, Be, B, N, and O, and the transuranic elements.
Results

Physicochemical Analyses.
The physicochemical composition of the 17 sources of the Puracé-La Mina sector are shown in Tables 3 and 4 . The sources present mostly acidic pH, but ions of sulfates (up to 3809 ppm) and chlorides (up to 1153 ppm) and a total hardness of up to 1930 ppm are the most predominant. The concentrations of some metals such as Zn and Cr are low or very low and were below the limit of quantification. The sources exhibited maximum and minimum temperatures of 48°C and 9.7°C, respectively. Table 4 shows that pH values measured in the laboratory were lower than those measured on the site, finding decrements of 2.1 pH units for P8 and P9 sources and ±0.3 pH units for the other sources. This change is attributed to the temperature variations due to transport from the sampling site to the laboratory. As a consequence of this decrease of temperature, a dissociation of (HSO 4 ) 2− ions [31] and secondary ion precipitation were produced [32] .
The chemical classification of the 17 sources of the Puracé-La Mina sector, based on the majority of the ions, was represented by Piper ( Figure 4 ) and Stiff diagrams ( Figure 5 ). Table 5 shows that most of the waters are partially equilibrated with 13 sources (76%), while 3 sources (18%) of waters were magnesium type, and only one source (6%) was calcium type. Likewise, in the classification of the anions (Table 5) , it was observed that 16 sources (94% of waters) were of sulfated type and one source (6%) of partially bicarbonated type, corresponding to the natural water source.
The classification of the 17 sources analyzed in this work was developed according to water type with the following percentages: 4 sources (24%) of sodium chloride and potassium, and sulfate magnesium; 6 sources (35%) of sodium chloride and potassium sulfated magnesium; 2 sources (12%) of sodium chloride and magnesium; 2 sources (12%) of chloride and sulfated calcium, and one source (12%) of mildly sulfated bicarbonate, chloride-type calcium, and sulfated magnesium, respectively.
Taking into account the previous classification, it was observed that the majority of the waters in the Puracé-La Mina sector are of sulfated nature. The sulfated water has an acidic nature with a pH lower than 4. In the studied cases, it was observed that most sources have a pH between 2.15 and 3.93, discarding the sources of COCI and COPT. These waters would correspond to acidic waters heated with vapor, which occurs after the boiling of the thermal waters.
Cl
correlation showed R 2 = 0 98. This ratio of salinity of the COMI source is relatively high in comparison to other sources. Sources with lower salinity are Guarquelló sources (P15, P16, and P17) that possess similar features and moderate salinity. Finally, P8 and P9 are sources with low salinity [33] as is shown in Figure 6 (a). Likewise, ratios of Cl
2− under 0.65 indicate that La Mina sector waters are not developing during a long period of time and at a depth enough to react with rock [34] . On the other hand, considering the total ionic salinity [35, 36] (Figure 6(c) ), the following observations were made: Figure 6 (b). These relationships indicate that soluble salts prevail in most of the sources of the area and that Ca 2+ and Mg 2+ are causing hardness in the samples [34, 37] .
For the classification of hardness, the following parameters were established by the World Health Organization (WHO): soft type, 0-60; moderately hard, 61-120; hard, 121-180; and very hard, >180 ppm of CaCO 3 , respectively. Based on the results of 3 . According to the literature, the mobile elements such as Na, K, Mg, and Ca are the product of the lixiviation of clay minerals such as rhyolites [16, 38] , which may be responsible for the high presence of these ions, in the sources in the Puracé-La Mina sector.
Cl
− , (SO 4 ) 2−
, and (HCO 3 ) − Giggenbach Diagram. In Figure 7 , all the samples were classified according to the ternary diagram Cl
− described by Giggenbach in 1988 [39] . In this type of sources, HCl is assumed to be derived from HCl of magmatic origin, (SO 4 ) 2− from the oxidation of magmatic SO 2 , and HCO 3 from CO 2 . This anions are generally associated with the acid immature waters of fluids originally magmatic [32, 40] .
Most of the sources are sulfated-acid type as it is observed in Figure 4 and Table 5 . In Figure 7 , the sources are grouped in the volcanic origin sections, which are typical of volcanic geothermal systems associated to volcanos. These sources have low pH value, caused by the Cl − and (SO 4 ) 2− ions which, in turn, form a HSO − 4 / SOP 2− buffer. During the water-rock interaction process, this system produces higher rock dissolution, generating higher conductivity [14, 41] . In the case of the COMI sources ( Figure 5(a) ), higher metal concentrations were observed, such as Fe and Si, which in turn produce oxides such as SiO 2 (from minerals like cristobalite, quartz, tridmite, among others) and 8 Geofluids however, since they are sulfated acid with pH < 2, they would favor this dissolution and their high presence, as it is observed in Tables 3 and 4. On the other hand, the vapors of geothermal systems, which flow through the fractures, heat the underground waters. In this case, it is observed that the P8 (COCI) source is located in heated vapor waters and, as a consequence, it has low concentrations of (SO 4 ) 2− as it is observed in Figure 5 (b). Finally, the P9 (COPT) source belongs to the peripheral waters which are characterized for being waters that, although they have interacted with the rocks, have not reached the equilibrium with these rocks, and they are characterized for having a low contribution of HCO − 3 and a neutral pH, as it is observed in Figure 5 (c).
The HCO Table 3 . This is because this species is stable at pH between 5.5 and 8.0, and this is the reason why only these two fountains present values of HCO [32] . However, some fountains like P10, P12, P13, and P14 present temperatures below 20°C (Table 4 ).
Na
This diagram allows establishing a physicochemical equilibrium between the water-rock interaction and temperatures of the geothermal reservoirs [42] , thus allowing the study of the maturity of the waters by means of the principal cations Na [39] . Figure 8 shows that all the sources tend to be close to Mg 2+ , which indicates that the upwellings of the Puracé-La Mina sector are immature waters and that they have not reached the chemical equilibrium. Likewise, Giggenbach mentions that this type of waters is not suitable for evaluating the temperature by means of the Na/K relationship [39] . This indicates that these waters do not interact with the rocks for a sufficient amount of time.
According to the K/Mg geothermometer [39] (equation (1)), it is indicated that, for the sector of COMI and P14, the temperature oscillates between 71.61 and 91.61°C. For subsequent studies, it is recommended to measure the geothermal gradient in order to establish the depth of the reservoir in such a way that more information can be found about the recharge area and the main structures that control the ascent to the surface, since some sources have (Figures 9(a) and 9(b) ) is a dark-gray-colored rock with inlays of white minerals, white subtranslucent, somewhat tabular, light yellow crystals, and lithic black volcanic rock type (crystalline tuff). The P1-B sample (Figures 10(a) and 10(b) ) is volcanic ash composed of silica with high sulfur mineralization of volcanic rock type (crystalline tuff). The P2-A sample (Figures 11(a) and 11(b) ) is a medium gray to dark-gray-colored rock with silica isomorphs such as cristobalite, tridymite, and sulfur of volcanic rock type (crystalline tuff). The P2-B sample (Figures 12(a)  and 12(b) ) is a volcanic rock (crystalline tuff) with white and yellow crystals. The P3-A sample (Figures 13(a) and  13(b) ) is a volcanic rock (crystalline tuff) with titanium mineralization (black). The P3-B sample (Figures 14(a) and  14(b) ) is a volcanic rock (breccia). The P10-A sample (Figures 15(a) and 15(b) ) presents a variety of minerals such as cristobalite, tridymite, and albite; the latter being the one present at the highest proportion, and the rock type is a crystalline weathered tu with iron oxides. In samples P1, P2, and P3, the presence of a TiO 2 anatase phase is observed. Ramos et al. [43] relate Ti-and Fe-based compounds with the titanomagnetite mineral whose Fe leaching is not favored at pH above 5. However, in sources P1, P2, and P3, with pH values under 2 : 21 and temperatures of 40°C (Table 4) , iron leaching is favored as a consequence of water-rock interaction, generating an increase in the TiO 2 phase in the form of anatase and rutile. Tables 8 and 7 show that the samples are mostly composed of SiO 2 , Al 2 O 3 , and SO 3 . On the other hand, Ti and Fe oxides are observed with concentrations lower than 81 ppm in the P1, P2, and P3 fountains, and lower than <IDL in P10. As mentioned earlier, Fe solubility is subjected to temperature and mainly to the pH [43] . Titanium analysis was not carried out in this study. major component, error in charge imbalance can be attributed to the oxidation of compounds and elements as Fe, H 2 S, and S 2 O 3 , and the degassing of CO 2 and the decrement of temperature. In this case, it is important to consider that during hydrolysis and oxidation reactions processes, free H + ion can be considered as a main cation with pH < 2.5. In order to verify the abovementioned results, Nordstrom carried out a test related to how (S 2 O 3 ) 2− oxidation affected the water chemistry [44] . During this process, it was also observed how the oxidation of thiosulfate would produce considerable amounts of (SO 4 ) 2− ion, which can result in an important imbalance in ion balance. On the other hand, the increment in temperature can cause a major difference in pH. Additional to this, it is important to consider the next chemical reactions [44, 45] 14 Geofluids
Discussion
Finally, when pH < 3, ion H + percentage in meq increases in a such a way that at pH < 2.2, it can represent the 50% in moles of the total ions. In addition, this can lead to an increment in (SO 4 ) 2− concentration approaching the pure H 2 SO 4 line and Fe and Al ions are dominant.
Some sources were compared with more recent records reported by INGEOMINAS in the case of the La Mina 1 source, and similar values are observed in pH (difference of ±0.2), concentration of (SO 4 ) 2− , Cl − with sources P1 and P2, with a difference of ±140 ppm, and similarity in the Piper and Stiff diagrams. The Guarquelló source presents similarity (Pipper and Stif diagrams) with the sources P15, P16, and P17. However, an increase in the (SO 4 ) 2− ions is observed, which indicates that during the time elapsed from the taking of the sample and the measurement in the laboratory, there was an increase in the concentration of (SO 4 ) 2− , thus generating an imbalance in the ion charge. Finally, the sources P8 and P9 showed a charge imbalance > 20%, which was due to the addition among ions that was less than 1.5 meq/L.
Thermal
Water. The absorption of magmatic volatile products that prevails in groundwater leads to the formation of reactive substances. In the magmatic vapor phase, SO 2 is one the main components that, when interacting with H 2 O, is transformed into H 2 S and (SO 4 ) 2− (equation (3)). Then, the oxidation of H 2 O to (SO 4 ) 2− by atmospheric CO 2 and gas vapors present in the surface waters lead to the formation of sulfated-acid waters with high concentrations of (SO 4 ) 2− (equation (4)) [32] and Cl − ions [16, 46] . Another issue to take into account, concerning the high concentration of (SO 4 ) 2− ions in the Puracé-La Mina sector, is the closeness 
15 Geofluids of the thermal sources to the Puracé volcano, which has been the source of S exploitation.
Taking into account the high solubility of magmatic gases like HCl and HF [47] , it can be inferred, based on Table 3 , that there is a higher presence of magmatic gases of the HCl type, since the amount of Cl − ions are high.
Minerals.
Considering the results shown in Table 6 , a great variety of minerals composed of mainly Si, Fe, Ti, Al, and S are observed. In this way, rocks exposed to water can react under several agents being involved with physical and chemical alterations due to water absorption and resulting in the rupture of ionic bonds and hence in rock expansion. Similarly, hydrolysis processes lead to transformations in rocks giving special characteristics to the water. This is the reason why elements like Na, K, Mg, and Ca exhibit high mobility and high concentration due to the leaching of minerals as igneous rhyolite [16, 38] . An example of water-rock interactions is expressed in the following chemical reaction [48] : [49] .
For the sample P10-A, XRD results showed a high concentration of albite (Table 6 ). This mineral is mainly composed of Na, Al, Si, O, and traces of Ca. According to the report of Apollaro et al. [50] , albite presents high concentrations of metal traces as Sr, Fe, Ba, and Rb, among others; meanwhile, other elements are present in concentrations lower than 10 ppm. In this manner, for the analyzed samples, these metal traces measured by XRF are present in concentrations lower than those reported by Apollaro (Table 8) , except Fe, which is present in the form of oxide (3.42%).
Only for a sample corresponding to the P2-A source (Table 6 ) can the presence of pyrite (Fe 2 O 3 ) be observed as determined by XRD analysis, corresponding to the results obtained from XRF analysis (Tables 7 and 8 ). On the other hand, in other sources, there is a low percentage of the (Fe 2 O 3 ) phase, as shown in the XRF analysis. Nevertheless, there is no evidence in the results of the XRD analysis of this compound, being an indication that it can be in a low concentration or in an amorphous phase. Pyrite generally reacts with water and oxygen allowing the formation of sulfates [51] as evidenced in the following equation [52, 53] : 
Conclusions
The physicochemical characteristics of 17 sources of the Puracé-La Mina sector were analyzed by means of ternary diagrams allowing their classification based on the most representative ions. In this way, it was possible to classify the sources, observing that most of the water analyzed is of sulfated chloride type. These results are consistent with the interpretations of the Piper and Stiff diagrams since most of the sources have an acidic pH due to the high concentrations of (SO 4 ) 2− and Cl − ions. The sources of the Puracé-La Mina are immature waters, and they have not reached the chemical equilibrium yet. This indicates that the sources have not interacted for a sufficient time with the rocks, and the sources have a volcanic origin, which is typical of volcanic geothermal systems associated with volcanoes. The P8 source is placed in heated vapor water with low thermal contributions, and the P9 source belongs to peripheral waters with low thermal contribution.
The correlations of Cl vs Na, K, Mg, and Ca present values of R 2 > 0 82, indicating that the soluble salts prevail in the sector and that chloride-calcium type waters also prevail. The correlation of Cl vs SO 4 contains values of R 2 > 0 98 , and the ratio of Cl/SO 4 is less than 0.65, indicating that the waters of this sector do not interact with sufficiently deep regions to react with the rocks, which is consistent with the diagram of cations that show the immaturity of the waters.
Taking into account the characteristics such as low pH, temperatures ∼ 30°C, high concentration of (SO 4 ) 2− , and the geographical location near the Puracé volcano, in the La Mina sector, the error in the charge balance of the sources exceeding 10% is a product of the oxidation of compounds such as Fe, H 2 S, and S 2 O 3 , the degassing of CO 2 , and the decrease in temperature that generates an increase in H + ions, which must be included as the main cation because, according to [44] , H + ions can represent up to 50% by mole of total ions.
Chemical and mineralogical characterization showed the presence of TiO 2 and Fe 2 O 3 that can be associated to the titanomagnetite phase which has no solubility at pH > 5. Nevertheless, some sources of the analyzed territory have pH values in the order of 2 and temperatures of 40°C, which favor iron leaching, justifying the presence of this metal in water for these sources. In this way, the hydrolysis processes are favored at low pH and high temperatures (>30°C), producing transformations in rocks, and hence, elements like Na, K, Mg, and Ca have high mobility and are present in high concentrations in water.
The composition of minerals and lytic oxides of volcanic type rock, crystalline tuff, and breccia are represented by the presence of several isomorphous minerals of silica SiO 2 with accessories like Ti, Zr, and Cr, which are at low concentrations and are not that important to determine the name of the rock.
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